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ABSTRACT 

We investigate the global photometric scaling relations traced by early-type galaxies in 
different environments, ranging from dwarf spheroidals, over dwarf elliptical galaxies, 
up to giant ellipticals (—8 mag > My > —24 mag). These results are based in part 
on our new HST/ACS F555W and F814W imagery of dwarf spheroidal galaxies in 
the Perseus Cluster. The full sample, built from our HST images and from data taken 
from the literature, comprises galaxies residing in the Local Group; the Perseus, Antlia, 
Virgo, and Fornax Clusters; and the NGC5898 and NGC5504 groups. 

Photometric parameters, such as the half-light radius, the central surface bright- 
ness, and the Sersic exponent n are used to parameterize the light distributions and 
sizes of early-type galaxies. These parameters all vary in a continuous fashion with 
galaxy luminosity over a range of more than six orders of magnitude in luminosity. We 
also find that all early-type galaxies follow a single color-magnitude relation, which we 
interpret as a luminosity-metallicity relation for old stellar populations. These scaling 
relations are almost independent of environment, with Local Group and cluster galax- 
ies coinciding in the various diagrams. As an example, due the presence of a population 
of very low surface brightness dSphs in the Fornax cluster, which may be tidally heated 
dwarf galaxies, the Fornax dSph population is on average only 0.2 mag arcsec"^ fainter 
than the Local Group dSph populations. This offset is much too small to destroy the 
global relation between luminosity and central surface brightness. 

We show that at My ~ —14 mag, the slopes of the photometric scaling relations 
involving the Sersic parameters change significantly. This contradicts previous claims 
that the relations involving Sersic parameters are pure power-laws for all early-type 
galaxies and are, therefore, more fundamental than other photometric scaling relations 
derived from them. We argue that these changes in slope reflect the different physical 
processes that dominate the evolution of early- type galaxies in different mass regimes. 
As such, these scaling relations contain a wealth of information that can be used to 
test models for the formation of early-type galaxies. 
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- galaxies: clusters: general 



1 INTRODUCTION 

Dwarf spheroidal galaxies (dSphs) are faint stellar systems 



'14 mag) with smooth elliptical isophotes. They 



are presumed to be the faint analogs of dwarf elliptical 
galaxies (dEs), which are usually defined as lying in the 
luminosity range —19 mag < Mv < —14 mag. Being 
found typically not more than a few hundred kiloparsecs 
away from a massive galaxy or in groups and clusters of 
galaxies, they show a strong predilection for high-density 



envir onments (|Mateo ] 1 19981 : iGrebel. Gallagher. Harbeckl 
Their dynamical mass-to-light ratios, derived by 
fitting dynamical models to their stellar velocity dispersion 
profiles or based on stability arguments, vary from a 
few t ens up to a f ew hundreds, in so l ar units llMateo 
1 19981 : iLokas I [200^: iKlevna et al. I |2005|; iDe Riicke et al. 
200d; iLewis et al. I l2007l : iMateo. Olszewski. Walker 1 12008| : 



iPennv et al. II2008I ). This high mass-to-light ratio suggests 
the presence of copious amounts of dark matter that 
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help protect the embedded stellar body of the dSph 
against the tidal forces of the massive host galaxy or of 
the galaxy cluster or group in which the dSph resides. 
This would explain why only a handful of dSphs in the 
Local Group show clear signs of an ongoing interaction 
despite being close satellites of eith e r the Milky Way or 
M31 ([Johnston. Spergel, Hernguist I Il995l: iMateo et al. I 



19961: iMcConnachie fc Irwin I 120061 : ISegaU et al. I l2007l : 
Lewis et al. Il2007h . Many dSphs and dEs still contain an 



inter stellar medium and some even host low-level star forma- 
tion (iBlitz fc Robisha\^ l2000': 'Grebel. Gallag her. Harbeckl 



20031: 



Conselice et al 
20051 : 



]^03; 



Dc Riicko ct al. 

Lisker et al. I 12009 : IVoung et al. I 



20031: 



Buvle et al 

20071 ). showing that supe rnova explosions are not very 



efBcient at expelling gas llMarcolini. Brighenti. D'Ercole I 
I2OO3I : I Valcke. De Riicke! Deionghe Il2008h . 

Bright elliptical galajcies, or Es, and dEs follow 
the same photometr i c and kinematic scaling re l ations 
llGraham fc Guzman I l2003l: iMatkovic fc Guzman I l2005l: 
iDe Riicke et al. I l2005l : ISmith CasteUi et al. 1120081 ). In the 



luminosity interval —24 mag < M.V ^ —14 mag the pa- 
rameters of the Sersic profile follow simple power-laws as 
a function of luminosity and early and late type galaxie s 
trace parallel TuUy- Fisher relations (|De Riicke et al.1l2007^ . 
From this wealth of data a picture of (dwarf) galaxy for- 
mation emerges that suggests an underlying unity in the 
physics driving the formation and evolution of stellar sys- 
tems, with the environment playing a role that is in many 
situations subordinate to that of internal processes. More 
specifically, numerical simulations and semi-analytic mod- 
els of galaxy formation within a ACDM cosmology can ac- 
count for the observed scaling relations when taking into 
account supernova feedback in galactic gr avitational po- 
tenti al wells steepening with galaxy mass ("Carra ro et al. I 
200 ll: iNag ashima & Yoshii 2004; Ricotti & Gncd in I bOOsF 



Marcolini et al. II2006I : IValcke. De Riicke. Deionghel2008l ) 



The goal of this paper is to investigate whether the pho- 
tometric scaling relations traced by dEs and Es persist down 



to the dSphs {M\ 



> 



-14 mag). We also check for possible 



environmental infiuences, other than the obvious density- 
morphology relation (i.e. the fact that dEs/dSphs are found 
predominantly in high-density environments). We present 
new data based on our HST/ACS imaging of dSphs/dEs in 
the Perseus Cluster and combine these with data of early- 
type galaxies in the Antlia, Fornax, and Virgo Clusters and 
the Local Group (see section [21). The resulting photomet- 
ric scaling laws are presented in section [S] We discuss the 
results in section |4l 



2 PHOTOMETRIC DATA 
2.1 Perseus Cluster data 

The Perseus Cluster (Abell 426) is one of the richest 
nearby galaxy clusters , with a redshift v = 5366 km s~^ 
jStruble fc Rood Ill999l l. and at a distance D = 72 Mpc (as 
given by NED). Due to its low Galactic latitude (b ~ —13°) 
it has not been studied in as much detail as other nearby 
clusters such as Fornax, Virgo and Coma. We have obtained 
high resolution Hubble Space Telescope (HST) Advanced 
Camera for Surveys (ACS) WFC imaging in the F555W and 



F814W bands of five fields in the Perseus Cluster core, in the 
immediate vicinity of NGC1275 and NGC1272, the cluster's 
brightest members, obtained in 2005 (program GO 10201). 
The scale of the images is 0.05" pixeP^, with a field of view 
of 202" X 202", providing a total survey area of ~ 57 arcmin'^. 
The positions on the sky of these five pointings are presented 
in Fig.[T] Exposure times were 2368 and 2260 seconds for the 
F555W and F814W bands, respectively. The fields were cho- 
sen to cover the most likely clu ster dSphs and dEs identified 
from g round-based imagery bv lConselice. Gallagher. Wvse I 
(|2003l i. For some of these, the re is spectroscopic confirm ation 
of their cluster membership (|Pennv fc Conselice 11200^ . For 
the others, we use morphological criteria to decide cluster 
membership. The CAS system for quanti fying compactness , 
asymmetry, and dumpiness/smoothness (|Conselice Il2003bh 
proves very useful to reject e.g. background spiral galaxies 
based on a smoothness criterion and backgro und bright el- 
liptica ls based on a compactness criterion (see lPennv et al.l 
120081 ')'). The Perseus dataset straddles the dE-dSph tran- 
sition at Mv ~ — 14 mag and is therefore essential to the 
discussion that follows. 

A detailed account of our photometric analysis of the 
HST/ACS images of Perseus dSphs and of the properties of 
the individual galaxies will be reported elsewhere (Penny, 
Conselice, De Rijcke, Held, in prep.). 



2.2 Data from the literature 

The photometric data, including resolved photom- 
etry for surface brightness profiles, of the Local 
Group dSphs that are iden tified as Milky Way satel- 
lites are c ollected from Grebel. Gallagher. Harbeck I 
(|2003t ) and llrwin fc Hatzidimitriou I (Il995l), adopting 



the 



distances 
I). Data 



listed m 
of the 



Grebel. Gallagher. Harbeck I 



M31 d Sph sate llites ^is 



taken from Peletier 1 ( 


19931). Caldwell 1 ll 19991). 


ICrebel. Gallagher. Harbeck 1 ( 


20031). IMcConnachie & Irwin 1 


|2006|'). McConnachie. Arimoto. Irwin (2007h. and 



IZucker et al. I (|2007( ). Data of three Local Group 
dSphs that are not linked to a giant host galaxy, 
the Tucana dSph, 00021 0, and KKR25, come from 



ISaviane. Held. Piotto l| 19961). Gr ebel. Gallagher. Harbeck 



200a) . and IMcConnachie fc Irwin (2006). Dc Riicke et al. 



(2005) (D05) and lMieske et al. I (|2007i ) provide photometric 
data on the early-type dwarf galaxy population of the 
Fornax cluster. Half of the D05 sample consists of dEs 
from the NGC5044 and NGC5989 groups. The data of 
the dSphs and dEs i n the Antlia cluster are taken from 
ISmith Castelli et al. I (|2008l ). Data da ta for the giant ellip- 
tical a nd for Coma dEs is taken from lCraham fc Guzmaiil 
(|2003t ) (GG03). 

This sample of early-type galaxies comprises dwarf 
spheroidals, with —14 mag < My < —8 mag, dwarf ellip- 
ticals, with —19 mag < My < — 14 mag, and bright ellip- 
ticals, with My ;$ — 19 mag. We plot the positions of the 
sample galaxies in diagrams of V-band absolute magnitude 
vs. (i) half-light radius Rc (in kpc), vs. (ii) the Sersic expo- 
nent n of the best fitting Sersic profile, vs. (in) the central 
V-band surface brightness of the best fitting Sersic profile, 
and vs. (iv) V— I colour. These diagrams are shown in Fig. 
[2| The datcisets are plotted using different symbols that are 
explained within each panel of the figure. The presence of a 




Right Ascension 



Figure 1. Position on the sky of our five HST/ACS pointings near the core of the Perseus cluster. The HST/ACS fields are overplottcd 
onto a DSS image of the cluster. The NGC-numbers of the most prominent cluster members are indicated in the figure. 



dataset in a given panel depends solely on the availability of 
the required data. 



3 PHOTOMETRIC SCALING RELATIONS 
3.1 Method 

For our Perseus dSphs/dEs, we measure the profiles of 
surface-brightness, position angle, and ellipticity as a func- 
tion of the geometric mean of major and minor axis dis- 
tance, denoted by a and h respectively, using our own soft- 
ware. Basically, the code fits an ellipse through a set of posi- 
tions where a given surface brightness level is reached. Resid- 
ual cosmics, background galaxies, and foreground stars are 
meisked and not used in the fit. The shape of an isophote, 
relative to the best fitting ellipse, is quantified by expanding 
the surface brightness variation along this ellipse in a fourth 
order Fourier series with coefficients 5*4, Sz, d, and C3: 



+S3{a) sin(3e') + S^ia) sin(46l)] 



(1) 



Here, 7(a) is the mean surface brightness of an isophote with 
semi-major axis a, and the angle 6 is measured from the 
major axis. Apparent ABMAG magnitudes in the F555W 
and F81 4W bands are calcu lated using the zero-points 
given bv lSirianni et al~l (|2005l ). These magnitudes are cor- 
rected for interstellar r eddening adopting the color exces s 
E(B-V)= 0.171 mag (|Schlegel. Finkbeiner. Davis I Il998h 



and using the prescriptions given in ISirianni et al. ] l|2005l )' 



I{a,e) 



I{a) [1 + Oi.{a) cos(36l) + Ci{a) cos(46l) 



These reddening-corrected magnitudes are finally converted 
into Johns on V and I band mag nitudes using the transfor- 
mations of ISiriannI et al. I 1I2OO5I ). 

The smooth representation of a galaxy's surface- 
brightness profile, I (a, 6), is then subtracted from the origi- 
nal image. We have checked that the result is indeed a pure 
noise image, free of residuals. I{a, 9) is integrated over cir- 
cular apertures out to the last isophote we could reliably 
measure (which is at /iABMAG ~ 27 mag arcsec"^ in both 
the F555W and F814W images) to derive model indepen- 
dent structural parameters, such as the total apparent mag- 
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Figure 2. Photometric scaling relations of dwarf spheroidal, dwarf elliptical, and elliptical galaxies, (a) Half-light radius, Rc (kpc), versus 
absolute V-band magnitude, Mv- The green line traces the relation log(i?c) = —4.73 — 0.25 X My of the bright ellipticals whereas the 
orange line indicates the relation log{_Rc) = —1.22 — 0.07 X My of the dEs and dSpshs. (b) The Sersic parameter n versus absolute V-band 
magnitude. The green curve traces the log{7i) oc 0.1 X relation of Graham & Guzman (2003). (c) Central surface brightness /xg v 
(mag arcsec"^), derived by fitting a Sersic law to the observed galaxies' surface brightness profiles, versus absolute V-band magnitude. 
The green curve traces the relation /^o,v cx 1.46 X My of the dwarf and giant ellipticals; the orange curve is the ^o,v c< 0.66 X My 
relation of the dwarf spheroidals. (d) V— I colour versus absolute V-band magnitude (the top x-axis is labeled in metallicity, quantified 
by [Fe/H], using an empirical relation between V— I and [Fe/H] (Couture, Harris, AUwright (1990); Kundu & Whitmore (1998)). The 
red line traces the linear fit to the Fornax cluster Vly vs. V— I relation by Mieske et al. (2007). The photometric data of the Local 
Group dSphs (LG MW dSph for the Milky W ay satellites; LG M31 dSph/dE for the M31 sate ll ites; LG free dSph for the dSp h s that are 
not linked to a giant host galaxy) come fr o m | Peletier 1 lll993l).l Irwi n & Hatzidim itriou 1 lll995h.lSaviane. Held. Piotto I (Il996h. ICaldwell I 
lll999l '). [Grebel. Gallagher. Harbeck] (l2003h. iMcConnachie fc Irwin (2006), McCo nnachie. Ariinoto. Irwin I ll2007h. IZucker et al 1 1 |2007^ . 



The ot her data sets are from 
dSph^. TSmith Castelli et al. I 



Graham fc Guzman I ||2003| '| (GG03~dE/E). De Riic ke et al. I ||2005|) (DOS dE). iMieske et al. I l l2007l) CFornax 
200a) (Antlia dSph/dE) and this work (Perseus dSph). 



nitude and the half-light radius in each band. For such deep 
images of galaxies with a roughly exponentially declining 
surface brightness profile, this truncation results in an in- 
significant uncertainty on t he total luminosity , of th e order 
of a few per cent (see also iDe Riicke et al.1 (|2005l )). V— I 



colors are measured using the V and I-band flux inside the 
I-band half-light radius. We fit a Sersic profile, given by 

Mv(^p)=Mo.v + 1.0857 , (2) 



Photometric scaling relations 5 



to the V-band surface brightness profiles of the program 
galaxies, expressed in mag arcsec"^. Here, the equivalent 
radius rp = \/afe is the geometric mean of the isophotes' 
semi-major axes a and semi-minor axes b, fio^v is the cen- 
tral V-band surface brightness, in mag arcsec"^ , ro is a scale- 
length, in arcseconds, and the exponent n is a shape param- 
eter with n = 1 giving an exponentially declining profile and 
n = 4 corresponding to the de Vaucouleurs-profile typical of 
giant ellipticals. 

For the Ant lia cluster, we adopt a distance of 35.1 Mpc, 
as advocated bv lSmith Castelli et al. I (|2008l ). This distance 
estimate is based on surface-brightness fluctuations (SBF) 
distances to two giant Es in this cluster. As in D05, we 
place the Fornax cluster at a distance of 19.7 Mpc, the NGC 
5044 group at 35.1 Mpc, the NGC 5898 group at 30.3 Mpc, 
and the NGC 3258 group at 40.7 Mpc, all in good agrec- 
ment with SB F distances l|Tonrv. Dressier. Blak cslcc 2001; 
|jerien|[2003l '). For the GG03 data set, only B-band pho- 
tometry is available. We convert B-band magnitudes into 
V-band magnitudes using a B— V color-magnitude relation 
constructed from the Mv — (V — I) — [Fe/H] relation (see sec- 
tion I3.5|l in combin ation with SSP mod els for 10 Gyr old 
stellar populations (jVazdekis et al. II 19961 ). This relation in- 
terpolates between B— V« 0.7 mag at Ms = —8 mag and 
B— V ~ 1.0 mag at Ms = —22 mag. As we show below, 
our conclusions do not depend on this slight color correc- 
tion applied to the GG03 dataset. There are no system- 
atic deviations of the color corrected GG03 dataset with 
respect to other datasets with which it overlaps in luminos- 
ity. Appl ying a constant mean color corr ection (B — V) = 
0.8 mag (|van Zee. Barton. Skillman 11200 yields essentially 
the same results. 

For the Local Group dSphs for which no Sersic parame- 
ters can be found in the literature, we fit Sersic profiles, with 
an added constant background de nsity of stars, to the star 
counts of the dSphs presented in llrwin fc Hatzidimitriou I 
l|l995h . 

We now place these early-type galaxies in diagrams cor- 
relating the V-band absolute magnitude Mv, the Sersic ex- 
ponent n, the extrapolated central surface brightness Ho.v, 
and the V— I colour. The goal is to investigate the be- 
haviour of the relations between these structural parameters 
as a function of luminosity in the range —24 mag < Mv < 
—8 mag and of environment, using galaxies from the Local 
Group, the NGC5044 and NGC5898 groups, and the Antlia, 
Fornax, Perseus, and Coma clusters. 



3.2 Luminosity vs. half-light radius 

We plot V-band absolute magnitude against half-light ra- 
dius, denoted by Rb, in panel (a) of Fig. (2] Es and gEs 
follow a trend of increasing half-light radius with increasing 
luminosity, which can be quantified as 



0.1 



log(i?c) = (-4.73 ± 0.47) - (0.25 ± 0.02) x Mi 



(3) 



between Mv ~ — 19 mag and Mv ~ —24 mag (green line 
in panel (a) of Fig. [2]). In the range —19 mag < Mv J; 
— 14 mag, on the other hand, the half-light radius of dEs 
increases much more slowly as a function of luminosity, with 
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• n=3 

• n=4 



-0.1 - 
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Figure 3. Deviation of the logarithm of the half-light radius mea- 
sured using circular apertures from the half-light radius defined as 
the geometric mean of the semi-major axis a and semi-minor axis 
b of the elliptical isophote that encloses half the light as a func- 
tion of fiattening e = 10(1 — fe/a). This exercise was performed for 
synthetic surface brightness profiles with Sersic n = 1, 2, 3, and 
4. The maximum deviation is not larger than Alog(Re) ~ 0.15. 




also 



ISmith Castelli et al. 



iGraham fc Guzman] tOO^: 
(l2Q0^; [C 



iDe Riicke et al. 



Graham fc Worlev 



In the very low-luminosity dSph regime, radius 
again appears to increase slightly more rapidly with lumi- 
nosity as 



log(i?o) = (-1.40 ± 0.16) - (0.09 ± 0.01) X Mv, 



(5) 



between Mv ~ —8 mag and Mv ~ — 14 mag. This trend 
appears to continue for eve n fainter Milky Way satellites 
l|Martin. de Jong. Rixllioosl ). The very gentle slope change 
around Mv ~ — 14 mag seems to be caused mostly by the 
GG03 data set. All other datasets rather suggest that half- 
light radius behaves as a power-law as a function of lumi- 
nosity in the regime Mv ^ — 19 mag. A fit to the data of the 
dwarf galaxies fainter than Mv = — 19 mag from the D05, 
Antlia, Perseus and Local Group datasets gives 



log(J?o) = (-1.22 ± 0.11) - (0.07 ± 0.01) X Mv 



(6) 



log(i?e) = (0.92 ± 0.14) - (0.05 ± 0.01) x Mv 



(4) 



(orange line in panel (a) of Fig. [2}. The gentle curvature 
of the Mv— Re relation a round Mv ~ —19 mag was shown 
by iGraham fc Guzman I (|2003D to be a consequence of the 
power-law dependence of the Sersic parameters on galaxy 
luminosity. 

One small caveat, however: the half-light radius can be 
measured in a number of different ways which do not nec- 
essarily yield the same result for a given galaxy. One can, 
for instance, use the geometric mean of the semi-major axis 
and semi-minor axis of the elliptical isophote that encloses 
half the light as a measure for Ro. Or one can fit a Sersic 
law to the surface brightness profile, evaluated as a func- 
tion of equivalent radius, and adopt the half-hght ra dius 
of this model profile, as in ICraham fc Guzman I l|2003l ). Or 
one can construct the growth curve model-independently 
by integrating the observed surface brightness over cir- 
cular apertures and th us derive a half-light radius, as in 
iDe Riicke et al.1 l|2005l ). For spherically symmetric galaxies, 
these different approaches obviously yield the same result. 
For very flattened galaxies, they may differ. If the early- 
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type galaxy population shows a trend of me an flattening 
with luminosity (see e.g. iBender et al. I (|l989l )). this might 
introduce a spurious trend of half-light radius with luminos- 
ity. 

In order to check how large this systematic effect can 
be, we create synthetic galaxy images using flattened Sersic 
profiles with different flattenings e = 10(1 — b/a) and Sersic 
exponents n. The half-light radius is then measured as the 
geometric mean of the semi-major axis and semi-minor axis 
of the elliptical isophote that encloses half the light and by 
integrating over circular isophotes. The difference between 
the two approaches is plotted in Fig. [3] as a function of 
flattening e and Sersic n. The maximum deviation is ob- 
tained for small n and strong flattening and is not larger 
than Alog(Rc) « 0.15. This is smaller than the scatter on 
the observed scaling relations. We therefore do not expect to 
see any significant systematic trend of half-light radius with 
flattening as a result of the particular way it was measured. 

Although the data show considerable scatter, especially 
in the dwarf regime, it is striking that galaxies from a wide 
range of environments trace a continuous Mv vs. Rc relation 
over a range of 6 orders of magnitude in luminosity. 

3.3 Luminosity vs. Sersic n 

It is well known that early-type galaxies brighter than 
Mv ~ —14 mag trace a single Mv vs. n relation. This 
relation is quantified as log(n) = —1.4 — 0.1 x Mb by 
IJerien fc Biiig geh ' ('199?'), as log(n} = -1.88 - 0.12 x 
Mf606W by [Graham fc Guzman ( 20031) . and a s log(n) = 
-1.52-0.11 X Mi3 bv lGraham fc Worlev I l|2008h . These au- 
thors fit Sersic profiles to the observed surface brightness 
profiles, evaluated as function of equivalent radius. How- 
ever, it is also possible to fit the growth curve, constructed 
by integrating a galaxy image over circular apertures, with 
the growth curve of the Sersic profile. This approach is ad- 
vocated bv IPrugniel fc Simien I (|l997h . The latter method 
of determining the Sersic exponent n assigns a large weight 
to the outer data points and has the obvious advantage of 
yielding a Sersic model with the same total luminosity as 
the observed galaxy. However, the model's surface bright- 
ness profile does not necessarily provide an acceptable fit 
to that of the observed galaxy. The former method, on the 
other hand, assigns a large weight to the inner data points. 
This method has the benefits that clearly non-Sersic com- 
ponents (such as a nuclear star cluster of a stellar halo) can 
be omitted from the fit and that the model provides a good 
fit to the observed surface brightness profile (at least within 
some specified radial range). It does not, however, neces- 
sarily provide a good approximation of the galaxy's growth 
curve. 

As an example, we apply both methods to the Sculptor 
dSph, with star count data taken frwin fc Hatzidimitriou 
l| 19951 1, and to our new HST/ACS photometry of 
CGW45, a Perseus cluster d E, ta ken from the sample of 
IConselice. Gallagher. Wvse I (|2003l ). The observed surface 
brightness profile of CGW45, ^J.{r), is converted into a "star 
counts" profile in arbitrary units, n{r) using 

n(r) = io(20-mM)/2.5^ 

Sculptor is an example of a galaxy whose surface brightness 
profile deviates from a Sersic law at large radii; CGW45, a 



nucleated dE, on the other hand, deviates from a Sersic pro- 
file at small radii. The differences between the two methods 
for obtaining n are illustrated in Fig. U) A fit to the stel- 
lar density profile of Sculptor yields n ~ 0.7; a fit to the 
growth curve results in n ~ 1.0. The former method yields a 
very good approximation to both the growth curve and the 
density profile within the inner 30 arcmin but fails at larger 
radii. The latter method gives a superior fit to the growth 
curve outside 30 arcmin but fails to provide an acceptable fit 
to the density profile. In the case of CGW45, both methods 
give n ~ 1.4. The central nucleus prevents both methods 
from yielding a good fit to the growth curve within the in- 
ner 0.2". Omitting the central 0.2" results in a very good 
Sersic fit to the density profile. 

Choosing betwe en these two methods i s clea rly a matter 
of taste. Here, as in iGraham fc Guzman I (|2003h . we wish n 
to reflect the shape of the surface brightness profile of the 
bulk of the galaxy and, therefore, opt to fit a Sersic profile 
to the surface brightness profile evaluated as a function of 
equivalent radius. 

It is obvious from panel (b) of Fig. [5] that for galaxies 
fainter than Mv ~ — 14 mag the relation between luminos- 
ity and n appears to break down. The dwarf spheroidals 
for which the Sersic exponent n is available, i.e. the Local 
Group dSphs, for some of which we have measured n using 
published star counts (|lrwin fc Hatzidimitriou ]|l995l ). and 
our new Perseus cluster dSphs, all lie in the range n ~ 0.5 
to 1.0, essentially independent of galaxy luminosity. This n 
is significantly larger than that predicted by the scaling re- 
lations mentioned before (green curve). It is, therefore, clear 
that in the dSph regime, the power-law behaviour of the 
Mv — n relation breaks down. 

From Fig. [S] it is clear that a Sersic profile with 0.5 < 
n < 1 is almost indistinguishable from a King model with 
a concentration c = r-tidai/'"corc in the range 3 to 10, which 
is typical for dSphs. In this figure, we plot the radial profile 
of projected stellar d ensity of the Sculptor dSph (bla ck data 
points), taken from llrwin fc Hatzidimitriou [ (|l995l ). over- 
plotted with the best fitting Sersic profile (red line) and 
King profile (green line). The Sersic profile has a shape pa- 
rameter n — 0.7; the concentration of the King profile is 
c — r-tidai/j^corc ~ 4.25. Both 3-parameter laws give a very 
good representation of the data, taking into account a back- 
ground density of 1.13 arcmin"^. Thus, the breakdown of 
the power-law dependence of n on luminosity in the dSph 
regime might have been foreseen based on the already known 
fact that c > 3 for dSphs . 

[Sh arina et al. I (|2008l ) fit the surface brightness profiles 
of a sample of Local Volume dSphs, dirrs, and brighter late- 
type galaxies with exponentials and investigate the resulting 
relation between luminosity and exponential scale-length, 
denoted by h. They note that the luminosity-/! relation be- 
comes almost flat in the dSph regime. This is a direct con- 
sequence of the Mv — Ro and Mv — n relations presented 
here. We generate synthetic Sersic surface brightness pro- 
flies using the latter relations. We flt these synthetic surface 
brightness profiles with exponentials and thus constructed a 
My — h relation. This relation is i n excellent agreement with 
the one found observationally bv lSharina et al. I(l2008l ). Be- 
tween Mv = — 10 mag and Mv = — 14 mag, the exponential 
scale-length increases only from 0.25 kpc to 0.5 kpc. This 
Mv — h relation is much shallower than the Mv — Rc re- 
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Figure 4. The growth curve (left panels) and the radial profile of the projected stellar density (right panels) of the Sculptor dSph 
(top row), taken from Irwin & Hatzidimitriou (1995), and the Perseus cluster dSph CGW45 (bottom row), taken from the Conselice, 
Gallagher, Wyse (2003) sample . The stellar density of CGW45 is in arbitrary units. The black dots represent the data; the red line is a 
Sersic profile fitted to the projected stellar density profile; the green line is a Sersic profile fitted to the growth curve. Under each panel, 
the relative residuals are plotted in the same colours. Sculptor is an example of a galaxy whose surface brightness profile deviates from 
a Sersic profile at large radii; CGW45 is a nucleated dwarf elliptical galaxy and deviates from a Sersic profile at small radii. 



lation because of the increase of n with Mv, which makes 
brighter galaxies more centrally concentrated than fainter 
ones. 



3.4 Luminosity vs. central surface brightness 

The My — ^J.o,v diagram is presented in panel (c) of 
Fig. [2] The vertical black line marks the la background 
noise level of our HST/ACS images, translated into a V- 
band surface brightness. We can only derive reliable sur- 
face photometry for galaxies with a central surface bright- 
ness above roughly this background limit, corresponding 
to fiBCv = 24.5 mag arcsec"^. For galaxies brighter than 
Mv ~ — 14 mag, the central surface brightness, estimated 
by extrapolating the best fitting Sersic profile to zero radius, 
varies as a power of the luminosity. Only the very brightest 



cored gEs deviate from this power law. This underlying unity 
between Es and dEs was not initially appreciated since it is 
not reflected in the lumi nosity vs. mean and effect ive sur- 
face brightness diagrams (|Graham fc Guzman llioosi ). Using 
the Sersic parameters as fundamental morphological param- 
eters, the assumed structural dichotomy between Es and dEs 
has disappeared and the idea that similar physical processes 
have governed the evolution of all spheroidal galaxies was 
put forward. 

However, for galaxies fainter than Mv ~ — 14 mag, the 
slope of the ^o,v — My relation changes significantly. This 
is a direct consequence of the near constancy of n in this 
luminosity regime, with n « 0.8 (panel (b) of Fig. [2]), and 
the observed My — Rc relation (panel (a) of Fig. [5}. At 
constant n, the latter translates into a My— To relation, with 
ro the scale-radius of the Sersic profile, that is completely 
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Figure 5. The radial profile of the projected stellar density over- 
plotted (black dots) with the best fitting Sersic profile (red line) 
and King profile (green line). The Sersic profile has a shape 
parameter n = 0.7; the concentration of the King profile is 
c = rtidai/fcoro = 4.25. A Constant background of 1.13 arcmin"^ 
was added to the two profiles. 
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Figure 6. Distribution of the surface brightness deviation of the 
Local Group dSphs (green curve) and Fornax dSphs (black curve) 
from the mean relation /xo,v = (31.86±0.43) + (0.66±0.04) X M^/, 
denoted by A/jq.v- Both distributions have the same normal- 
ization. Only galaxies fainter than My = — 14 mag have been 
selected for this exercise. The Fornax cluster clearly contains a 
low-surface brightness population that is absent from the other 
datasets. The offset between the means of these distributions is 
about 0.2 mag arcsec"^. 



similar to the Mv — Rc relation. Given n — 0.8 and this 
Mv' — ro relation, the central surface brightness should follow 
the relation 



^.o,v = 29.68 + 0.46 x Mv [dSph]. 



(8) 



A linear fit to the dSphs from the Local Group, the Perseus 
Cluster, and the Fornax cluster yields 

^io,v = (31.86 ± 0.43) + (0.66 ±0.04) X Mv [dSph], (9) 

plotted as a orange line in Fig. [J] This differs signifcantly 
from the relation 

Ato,v = (43.57 ± 0.96) ± (1.46 ± 0.06) x Mv [dE ± E] (10) 

fitted to the I Graham fc Guzman I (|2003l ) dEs and Es (green 
line). It is important to note that the slope change around 
My — —14: mag is immediately evident from the data sets 
for the dwarf populations of the Fornax cluster and the 
Perseus cluster, which cover the transition region in the 
My — fio,v diagram. Hence, within the same environment. 



dSphs (Ml 



-14 mag) and dEs/Es (Mv 



-14 mag) 



follow a My — fio,v relation with a slope that varies as a 
function of luminosity. Early-type galaxies from different en- 
vironments (the Local Group, Fornax, Coma, Perseus, . . . ) 
all fall on the same My — ^o,v relation. This shows that the 
slope of this relation is a strong function of galaxy luminos- 
ity but not of environment. 

As iMieske et al. I (|2007l ) note, their sample includes a 
population of dSphs that have much fainter central surface 
brightnesses than those of the Local Group. Our HST/ACS 
imaging, unfortunately, does not go deep enough to detect 
such a population in the Perseus cluster. In order to quantify 
the effect of this population on the global scaling relation, 
we measure the surface brightness deviation of the Fornax 
dSphs and of the Local Group and Perseus cluster dSphs 
from the straight-line relation given by eq. This devia- 
tion of surface brightness from the mean relation is denoted 
by A^o,v. Only galaxies fainter than My = — 14 mag have 
been selected for this exercise. For the Fornax dSphs, the dis- 
tribution of this deviation shows a pronounced tail towards 
large, positive A/io,y (see Fig.|6}. This is the signature of the 
low-surface brightness population. This population is clearly 
absent from the Local Group and Perseus dSph datasets. 
However, the mean A^o,v of the Fornax dSph population 
differs less than 0.2 mag arcsec"^ from that of the Perseus 
and Local Group populations. 

Interestingly, dSphs seem to trace the same My — fio,v 
relation as the dirrs within the local 10 Mpc volume, which 
was quantified as 

Ho,v = 29.29 ± 0.52 x My [dirr] (11) 

by ISharina et al. I l|2008h . If star formation was somehow 
switched off in dIrrs that are initially on this relation, fad- 
ing of My and fio,v over time by roughly the same amount 
(in magnitudes) would result in exactly such a population 
of very low surface brightness dSph-like objects. 

So, while Es and dEs seem to follow a linear relation 
between My and /io,v, dSphs deviate significantly from this 
relation. They have a higher central surface brightness than 
predicted by the extrapolated relation of dEs and Es, albeit 
with the existence of a possible clust er population o f very 
low surface brightness dSphs, which, iMieske et al. I 
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surmise could be a population of tidally heated dwarf galax- 
ies. 



3.5 Luminosity vs. V— I colour 

The V— I colours of early-type dwarfs of the Perseus clus- 
ter, with both V- and I-band magnitudes measured within 
the I-band half-light radius, are plotted versus V-band ab- 
solute magnitude in panel (d) of Fig. (2] The same data 
for Fornajc cluster e arly-type dwarfs have been taken from 
iMieske et al. I (12007 *1 and plotted in the same panel. A linear 
fit to the Fornajc cluster Mv vs. V— I relation is overplotted 
(full red line). The Perseus dwarfs obviously adhere quite 
closely to the color-magnitude relation (CMR) defined by 
the Fornax dwarfs. 

In order to investigate the physical nature of the 
C MR, we convert t h e Iro n abundance [Fe/H], measured 
bv iMichielsen et al. I l|2007l ) for the D05 sample of cluster 
and group dEs, into a V— I color using an empirical color- 
metallicity relation calib rated for old stellar po pul ations , 
such as globular clusters |Couture. Harris. Allwright1[l990l : 
iKundu fc Whitmore 1119981 ). This plac es the DOS dw a rfs es - 
sentially along the extension of the iMieske et al. I (|2007l ) 
CMR. The same exercise can be done for the Local Group 
dS phs, with the metallicity taken fr om the compilation 



Table 1. Central bright-galaxy density, measured by log(S5) 
(see eq. II12I I'). of the different environments from which the 
dataset was composed. 



by iGrebel. Gallagher. Harbeck 



ll2003l). with the same re- 



suh: they end up foUowing the IMieske et al. I l|2007h CMR. 
This already suggests that the V— I CMR of early-type 
dwarf galaxies is, in fact, a luminosity-metallicity rela- 
tion. As a further test, we convert the C— Ti colors of 
the A ntlia dSphs/dEs, measured by ISmith Castelli et al. I 
l|200^ . into V-I colors using empirical (C-Ti)-[Fe/II] and 
[Fe/H] — (V— I) relations as an intermediate step. This places 
the Antlia dSphs/dEs almost exactly on the extension of the 
CMR of the Fornax dSphs. 

Thus, it appears that the observed V— I CMR of 
early type galaxies, from dwarfs to giants, is a luminosity- 
metallicity relation of galaxies that have stopped forming 
stars sufficiently long ago for there being almost n o age in- 
formation left (see also lSmith Castelli et al.l (|2008l ) and ref- 
erences therein). 



4 DISCUSSION AND CONCLUSIONS 

We have collected photometric data of dSphs/dEs 
fr om different g alaxy groups and clusters. Analogous 
to I Goto et alTT (2003), we quantify the galaxy den- 
sities of the different environments we are studying 
as the projected density of galaxies brighter than 
Ms = —19 mag within the radius ds that contains 
five such galaxies, or: 

5 _2 
Es = — -J galaxies Mpc . (12) 

The log(E5)-values of the different environments 
from which we compiled the dataset are listed in 
Table 1. 

The Local Group and the NGC5989 group 
constitute the sparsest environments covered 
by the dataset (the NGC5989 group con- 
sists of two bright ellipticals, NGC5903 and 



group/cluster 


log(S5) 


Local Group 


-0.9 


NGC5898 group 


-0.7 


Fornax cluster 


0.5 


NGC5044 group 


0.7 


Antlia cluster 


1.5 


Perseus cluster 


1.8 


Coma cluster 


2.0 



NGC5898, and a few tens of much f ainter galaxies; 
iGourgoulhon. Chamaraux. Fouguel (|l992l ) list only 
three group members brighter than Ms « —18 mag). 
The Fornax cluster and the NGC5044 group have 
comparable, intermediate bright galaxy densities. 
The Coma, Perseus, and Antlia clusters have the 
most extreme central bright galaxy densities. Obvi- 
ously, the dataset contains early-type galaxies from 
a wide variety of environments. 

There is considerable uniformity in the photometric 
properties of early-type galaxies, from dwarfs to giants. Pho- 
tometric parameters quantifying the structure and stellar 
populations of early-type galaxies, such as the half-light ra- 
dius, Rc the central surface brightness ^io,v, the Sersic expo- 
nent n, and V— I color all correlate with galaxy luminosity 
over a range of more than 6 orders of magnitude in lumi- 
nosity. The scaling relations involving the Sersic parame- 
ters, contrary to previous claims, do not keep a constant 
slope over the whole luminosity range. The Sersic exponent 
n varies with luminosity L as n oc 

^0.25-0.3 fgj. galaxies 
brighter than Mv « — 14 mag but scatters around a con- 
stant value within the range n ~ 0.5 — 1.0 for fainter dSphs. 
This is in agreement with the fact that the surface brightness 
profiles of dSphs can be well approximated by King profiles 
with a concentration in the range c ~ 3 — 10. Central surface 
brightness increases with luminosity until the formation of 
the very brightest, cored ellipticals. The cores in the most 
luminous ellipticals are thought to result from the 
partial evacuation of the nuclear region by coalesc- 
ing black holes (see GG03 and references therein). 
At Mv ~ —14 mag, the slope of the Mv — fJ,o,v changes 
abruptly. We have shown that the Mv vs. V— I is essentially 
a metallicity-luminosity relation of old stellar populations, 
keeping the same slope over the whole luminosity range in- 
vestigated here. 

Clearly, the absolute magnitude Mv ~ — 14 mag is not 
just an arbitrary divide between dSphs and dEs. The rather 
abrupt changes in the slopes of some of the photometric 
scaling relations suggest that below and above this lumi- 
nosity, different physical processes dominate the evolution 
of early type galaxies. The near-independence of these scal- 
ing relations with respect to environment and the physi- 
cal differences between dSphs and dEs will be investigated 
theoretically using N-body/SPH-models in another paper 
in this series (De Rijcke, Valcke, Conselice, Penny, Held, in 
prep.). In a sense, the divide between dEs and Es, which 
has historically been placed at Mv ~ —19 mag seems more 
arbitrary since the behaviour of the basic parameters de- 
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Figure 7. Central surface brightness, /io,V (left panel), and half-light radius, Ro (right panel), as a function of projected distance (in 
kpc), R, to the nearest bright galaxy (with Mv < —20 mag). The triangle data points are the Perseus dSphs. In the left panel, the 
necessary data are available for the dSphs/dEs of the Local Group, the Perseus dSphs, and the Fornax cluster dSphs/dEs from DOS and 
Mieske et al. (2007). In the right panel, we use data from the dSphs/dEs of the Local Group, the Perseus dSphs, the Fornax cluster 
dEs from D05, and the Antlia dSpsh/dEs from Smith Castelli et al. (2008). The data points are color coded according to their absolute 
luminosity, from blue (My = —11 mag) over red (M-v = —14 mag) to green (Mi/ = —18 mag). While there is no statistically significant 
correlation between these structural parameters and distance to the nearest bright galaxy there is a clear correlation with luminosity. 



scribing the shapes of the surface brightness profiles as a 
function of luminosity (i.e. the Sersic parameters) does not 
change. A comparison of numerical simulations with ob- 
served scaling relations suggests that the luminosity depen- 
dence of the Sersic parameters is due to fact that the effects 
of supernova feedback become more important as galactic 
gravitational po tential wells become more shallow for lower 
galaxy masses (ICarraro et al. I l200ll: iNagashima fc Yoshii I 



l2004l : I Valcke. De Riicke. Deionghe II2008I ). This causes dEs 
to be more diffuse and to have stars orbiting with 
lower velociti es than predicted by the extrapolated rela- 
tions for Es llHeld et a l. 1992; Gra ham fc Guzman I [20o3 : 
iMatkovic fc Guzman ir2005., : .De Riicke et al. II2005I ). 

These scaling relations are amazingly insensitive 
to (local) environment. In Fig. [3 we show the central 
surface brightness, /io,v (left panel), and half-light 
radius, Ro (right panel), as a function of projected 
distance (in kpc), R, to the nearest bright galaxy 
(with Mv < — 20 mag). The triangle data points are 
the Perseus dSphs. In the left panel, the necessary 
data are available for the dSphs/dEs of the Local 
Group, the Perseus dSphs, and the Fornax cluster 
dSphs/dEs from DOS and Mieske et al. (2007). In the 
right panel, we use data from the dSphs/dEs of the 
Local Group, the Perseus dSphs, the Fornax clus- 
ter dEs from DOS, and the Antlia dSpsh/dEs from 
Smith Castelli et al. (2008). The data points are 
color coded according to their absolute luminosity, 
from blue (Mv = — 11 mag) over red (Mv = — 14 mag) 
to green (Mv = — 18 mag). While there is no statisti- 
cally significant correlation between these structural 



parameters and distance to the nearest bright galaxy 
there is a strong correlation with luminosity. 

We have also plotted these quantities as a func- 
tion of distance to the cluster or group center di- 
vided by the virial radius R200 • Again, no correlation 
with position becomes apparent. The galaxies with 
central surface brightness /io,v ~ 23 mag arcsec"^, 
where the slope of the — Mo,v relation changes, 
have nearest neighbor distances scattering between 
20 and 300 kpc. However, they all have luminosities 
My ~ — 14 mag. From this exercise, we can conclude 
that the photometric scaling relations presented in 
Fig. [2] are not a consequence of environmental seg- 
regation, with fainter galaxies preferentially located 
close to a bright galaxy. 

IPark &i Choi I (|2008l ") study the structural pa- 
rameters such as the concentration index, Pet- 
rosian radius, velocity dispersion, u r colour, ... of a 
volume-limited sample of 49,S71 galaxies extracted 
from the SDSS. They show that these parameters 
are almost independent of large-scale density and 
neighbor separation unless the latter is smaller than 
about one-tenth of the bright neighbor's virial ra- 
dius, i.e., of the order of a few tens of kpc (their 
Figs. 7 and 9). All galaxies presented in the present 
paper have projected distances between 0.1 and 1 
virial radii a way from the ir nearest bright neigh- 
bor and, as iPark 8z Choi I (j2008), we observe no 
significant relation between nearest-neighbor dis- 
tance or environment density and structural prop- 
erties in this regime. This also corroborates the re- 
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suits of IWeinmann et al. I (|2008h who study a sam- 
ple of galaxies selected from the SDSS DR4 and find 
that the structural properties of early-type satellite 
galaxies are very similar to early-type central galax- 
ies. Hence, the structure of early-type galaxies is not 
significantly affected by environmental effects. 

The most obvious environmental effect appears to be 
the populati on of low surface brightness dSphs discovered 
bv lMieske et all (|2007l ) in the Fornax cluster. Where an en- 
vironmental influence is clearly discernible, it has only mild 
effects on the scaling relations. The presence of a low-surface 
brightness population of Fornax dSphs doesn't affect the 
global scaling relation appreciably. At a given luminosity, 
the Fornax dSph population is on average 0.2 mag arcsec"^ 
fainter than the Perseus and Local Group dSph popula- 
tions. T he M31 co mpanion s with tidal exten sions or dis- 
torsions (ISegall et a l. 2007:; iLewis et al. II2OO7I ) are not dis- 
placed from the general scaling relations. This may indicate 
that dSphs int rinsically hav e high enough M/L to survive 
unscathed fsee lPennv et al.l (|2008l )) or that dSphs with too 
low M/L have been destroyed and only those with high M/L 
survive to the present day. 
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